Phox2b protein is a specific marker for neurons in the parafacial region of the ventral medulla, which are proposed to play a role in central chemoreception and postnatal survival. Mutations of PHOX2B cause congenital central hypoventilation syndrome. However, there have been no reports concerning electrophysiological characteristics of these Phox2b-expressing neurons in the parafacial region of the neonate immediately after birth. This region overlaps with the parafacial respiratory group (pFRG) composed predominantly of preinspiratory (Pre-I) neurons that are involved in respiratory rhythm generation. We studied (1) whether pFRG neurons are Phox2b immunoreactive or not and (2) whether they show intrinsic CO 2 chemosensitivity. We found that most pFRG/Pre-I neurons were Phox2b immunoreactive and depolarized upon increase in CO 2 concentration under condition of action potential-dependent synaptic transmission blockade by tetrodotoxin. We also confirmed that these pFRG neurons expressed neurokinin-1 receptor. They were tyrosine hydroxylase negative and presumed to be glutamatergic. Our findings suggest that Phox2b-expressing parafacial neurons play a role in respiratory rhythm generation as well as central chemoreception and thus are essential for postnatal survival.
Introduction
The paired-like homeobox gene PHOX2B encodes a transcription factor which is essential for the development of the central and peripheral autonomic nervous systems (Pattyn et al., 1999) . Phox2b-expressing cells are distributed in several regions of the hindbrain involved in the autonomic nervous system in embryonic, neonatal, and adult rodents (Dauger et al., 2003; Kang et al., 2007) . Heterozygous mutations of PHOX2B in the form of polyalanine expansions or frameshifts cause congenital central hypoventilation syndrome (CCHS) and late-onset CHS (LO-CHS), symptoms of which manifest in adulthood (Amiel et al., 2003; Blanchi and Sieweke, 2005; Weese-Mayer et al., 2005) . Mice bearing mutations with polyalanine expansion (Phox2b 27Ala/ϩ ) lack Phox2b-expressing glutamatergic neurons in the parafacial region of the ventral medulla (Dubreuil et al., 2008) . They die soon after birth from central apnea, indicating that the Phox2b 27Ala/ϩ mice reproduce the phenotype of severe cases of CCHS. Phox2b-expressing neurons in the parafacial region that overlap the retrotrapezoid nucleus (RTN) play an important role in chemosensory integration (Takakura et al., 2008) , including central CO 2 chemoreception in respiratory control (Nattie et al., 1991; Nattie and Li, 2002; Mulkey et al., 2004; Stornetta et al., 2006) . These findings suggest that Phox2b-expressing neurons in the parafacial region are essential in sensing CO 2 and producing regular breathing at birth. However, electrophysiological characteristics of these Phox2b-expressing neurons (i.e., burst pattern and membrane potential) have not been examined in neonatal rodent immediately after birth. We have previously defined a parafacial respiratory group (pFRG) in the neonatal rat (which may correspond to the RTN) which consists of neurons with preinspiratory (Pre-I) discharges that may be involved in the primary respiratory rhythm generation (Onimaru and Homma, 2003) . Thus, it is an important and interesting theme to clarify relations between the pFRG and Phox2b-positive cell cluster in the rostral ventrolateral medulla.
Here we show that Pre-I neurons in the parafacial region (pFRG/Pre-I) are indeed Phox2b-expressing neurons and intrinsically CO 2 sensitive in neonatal rat. We found that most Phox2b-positive pFRG/Pre-I neurons depolarized with increases of CO 2 concentration in the presence of tetrodotoxin (TTX). These results emphasize possible central roles of Pre-I neurons for responding to increased CO 2 and generating respiratory rhythm during the postnatal period, and dysfunction of Pre-I neurons that may result in CCHS.
Materials and Methods
(For full description, see supplemental Methods, available at www. jneurosci.org as supplemental material.)
Preparations. Experiments were performed with brainstem-spinal cord preparations from 0-to 2-d-old Wistar rats. The experimental protocols were approved by the Animal Research Committee of Showa University, which operates in accordance with Law No. 105 for the care and use of laboratory animals of the Japanese Government. Newborn rats were deeply anesthetized with ether in a 120 ml glass bottle until nociceptive reflexes induced by tail pinch were abolished. The brainstem and spinal cord were isolated according to methods described previously (Suzue, 1984; Onimaru and Homma, 1992) . The preparation was superfused at a rate of 3.0 ml/min with the following artificial CSF (ACSF) (Suzue, 1984) (in mM): 124 NaCl, 5.0 KCl, 1.2 KH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgCl 2 , 26 NaHCO 3 , and 30 glucose, equilibrated with 95% O 2 and 5% CO 2 , pH 7.4, at 26 -27°C. Inspiratory activity corresponding to phrenic nerve activity was monitored from the fourth cervical ventral root (C4).
Whole-cell patch-clamp recordings. Membrane potentials and input resistances of neurons in the parafacial region of the rostral medulla were recorded by a blind whole-cell patch-clamp method (Onimaru and Homma, 1992) . In brief, we used three types of preparations for the whole-cell recordings for approaches from three directions: (1) an approach from the ventral surface for recording cells at various depths around the level of caudal end of the facial nucleus (n ϭ 21); (2) an approach from the rostral cut surface for recording ventral superficial cells at the level of the rostral half of the facial nucleus (n ϭ 10); and (3) an approach from the caudal cut surface for recording ventral superficial cells at the level of the caudal half of the facial nucleus (n ϭ 22).
Experimental protocol. After establishment of the whole-cell recordings, the standard solution (5% CO 2 , pH 7.4) was replaced by an ACSF containing 0.5 M TTX (Sigma) equilibrated with 2% CO 2 (pH 7.8). After a 15 min incubation with the 2% CO 2 solution, the superfusate was replaced by a hypercapnic acidic ACSF equilibrated with 8% CO 2 (pH 7.2) (Kawai et al., 2006) . After a 5-6 min test of membrane potential responses in the 8% CO 2 solution, the superfusate was returned to 2% CO 2 solution.
Immunofluorescence. For histologic analysis of the recorded cells, the electrode tips were filled with 0.5% Lucifer yellow (lithium salt; Sigma-Aldrich). After experiments, preparations were fixed for 2-3 h at 4°C in 4% paraformaldehyde in 0.1 M PBS, immersed in 18% sucrose-PBS overnight, embedded in optimal cutting temperature (OCT) compound (Sakura Finetek), then frozen on dry ice, and cut into 30-or 50-m-thick transverse sections, followed by immunofluorescence. The following primary antibodies were used for immunofluorescence: rabbit anti-Lucifer yellow (1:400 dilution, Molecular Probes/Invitrogen), guinea pig anti-Phox2b (1:1000 dilution) (see supplemental Methods, available at www.jneurosci.org as supplemental material), rabbit anti-tyrosine hydroxylase (TH) (1:500 dilution, Abcam), and rabbit anti-neurokinin-1 receptor (NK1R) (1:2000 dilution, BI-OMOL International). The secondary antibodies for fluorescence staining (1:1000 dilution) were Alexa Fluor 488 anti-rabbit IgG or Alexa Fluor 546 anti-rabbit IgG (Molecular Probes/Invitrogen), and Alexa Fluor 633 anti-guinea pig IgG or Alexa Fluor 546 anti-guinea pig IgG. To identify motor neuron nuclei in the medulla, the sections were routinely stained with NeuroTrace (435/455 blue fluorescence, Invitrogen) for Nissl stain. Images of immunofluorescent samples were obtained with 20ϫ or 40ϫ objectives on an Olympus FV1000 confocal microscope (Olympus Optical) or conventional fluorescence microscope (BX60, Olympus Optical).
In situ hybridization. Digoxigenin (DIG)-labeled riboprobe for in situ detection of vesicular glutamate transporter 2 (VGlut2) mRNA was prepared as reported (Yokota et al., 2007) using the plasmid containing VGlut2 cDNA as a template [kindly provided by Dr. Stornetta (University of Virginia Health System, Charlottesville, VA) (Stornetta et al., 2002) ]. In situ hybridization was performed essentially as described previously on 30-m-thick cryosections (Yokota et al., 2007) . Signals were detected with an anti-Dig antibody conjugated to alkaline phosphatase (Roche) and NBT/BCIP (Roche) for chromogen, followed by immunofluorescence using anti-Phox2b and anti-TH antibodies.
Lucifer yellow-labeled neurons were reconstructed with the aid of a camera lucida attached to a fluorescence microscope (BX60; Olympus Optical). Neuronal burst rates and nerve activity (bursts/min) were calculated from the mean burst activity for 3-5 min. Values are shown as mean Ϯ SD. Statistical significance of differences ( p Ͻ 0.05) were determined by Student's t test.
Results

Distribution of Phox2b-expressing cells in the parafacial region of neonatal rat
We confirmed that distribution pattern of Phox2b-immunoreactive (-ir) cells in the rostral medulla to caudal pons of the newborn rat was comparable with those reported in fetus and newborn mouse (Brunet and Pattyn, 2002; Dubreuil et al., 2008) ; Phox2b expression in the area postrema, nucleus of the (Ruangkittisakul et al., 2006) . B, Phox2b immunoreactivity and NK1R expression in the most rostral medulla, corresponding to i or j in A. NK1R expression (left), Phox2b immunoreactivity (middle) and merge of both (right). Dotted line in middle panel denotes a rostral cluster of Phox2b-immunoreactive cells which also express NK1R (right column). FN, Facial nucleus; RFN, retrofacial nucleus; CST, corticospinal tract.
solitary tract, facial nucleus, nucleus ambiguous, dorsal motor nucleus of vagus, etc. (supplemental Fig. S1 A, available at www. jneurosci.org as supplemental material). The general pattern was basically identical to that of adult rat, whereas expression in the facial nucleus was absent in adult rat (Stornetta et al., 2006; Kang et al., 2007) . Phox2b-expressing cells in the parafacial region of the rostral medulla are implicated in sensing CO 2 to affect respiratory rhythm generation in adult rat (Stornetta et al., 2006) . To explore the relationship between Phox2b-expressing cells and Pre-I neurons that are identified in the rat neonate, it is indispensable to examine the distribution of Phox2b-expressing cells in the neonatal rat. We analyzed the detailed distribution of Phox2b-expressing cells in the parafacial region of the neonatal rat (5 preparations). They were localized most densely in the ventrolateral medulla around the caudal end of the facial nucleus ( Fig. 1 Ac,Ad). In the more rostral medulla, Phox2b-expressing cells are found in the superficial area just ventrally to the facial nucleus ( Fig. 1 Af-Ah) . In the level of the most rostral medulla, close to the rostral end of the facial nucleus, they formed one of highest density clusters in the region ventrolateral to the facial nucleus ( Fig. 1 Ai,Aj) . We also confirmed that Phox2b-expressing cells (at least partly) in the parafacial region were also VGlut2 mRNA positive (5 preparations) (supplemental Fig. S1 B, available at www.jneurosci.org as supplemental material), as reported in neonatal mouse (Dubreuil et al., 2008) and adult rat (Stornetta et al., 2006) . Moreover, we examined NK1R expression in cells of the parafacial region, because these cells are responsible for CO 2 sensitivity (Nattie and Li, 2002; Takakura et al., 2008) and Phox2b-expressing cells also express NK1R in the neonatal mouse (Dubreuil et al., 2008) . We confirmed that Phox2b-ir cells in the parafacial region strongly expressed NK1R (5 preparations) (supplemental Fig. S1 B) . The distribution of Phox2b-expressing cells in the parafacial region of the neonatal rat is basically consistent with that in the adult rat (Stornetta et al., 2006; Kang et al., 2007) .
Phox2b immunoreactivity and CO 2 sensitivity of preinspiratory neurons
To investigate whether Pre-I neurons express Phox2b, we performed whole-cell patch clamp recordings from 34 Pre-I neurons. The resting potential was Ϫ47.5 Ϯ 3.6 mV and input resistance was 649 Ϯ 241 M⍀ in the standard solution (5% CO 2 ). They were marked by Lucifer yellow in the rostral ventrolateral medulla followed by Phox2b immunostaining and were confirmed to not be facial motor neurons by Nissl stain (see Materials and Methods). We found that 82% of Pre-I neurons were Phox2b-ir. These Phox2b-ir Pre-I neurons (n ϭ 28) were localized in the area of the Phox2b-expressing cell cluster in the parafacial region ( Fig. 2; supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material). These neurons were depolarized in response to hypercapnia (2%38%) in the presence of TTX (Fig. 2 B) . The average membrane potential change was ϩ7.8 Ϯ 6.1 mV ( p Ͻ 0.001) compared with resting membrane potentials (Ϫ47.3 Ϯ 3.9 mV) in 2% CO 2 , accompanied with an increase in input resistance (580 Ϯ 309 M⍀ in 2% CO 2 vs 728 Ϯ 389 M⍀ in 8% CO 2 , p Ͻ 0.001). Three Phox2b-ir Pre-I neurons were further tested for NK1R expression, and they were NK1R positive (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material). In contrast, Phox2b-negative Pre-I neurons (n ϭ 6) were localized caudally to the caudal end of the facial nucleus level and dorsally to Phox2b-positive cell cluster (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Their averaged resting membrane potentials and input resistances were Ϫ45.3 Ϯ 3.7 mV and 460 Ϯ 312 M⍀ in 2% CO 2 . They did not show any significant membrane potential change in response to hypercapnia in the presence of TTX (supplemental Fig. S3B , available at www.jneurosci.org as supplemental material). The input resistance in standard solution (452 Ϯ 292 M⍀) was significantly less than that of Phox2b-ir Pre-I neurons (691 Ϯ 211 Figure 2 . A Phox2b-immunoreactive Pre-I neuron in parafacial region. The neuron was recorded at the level of 400 m rostral to the caudal end of facial nucleus. A, Membrane potential trajectory and C4 inspiratory activity. B, Membrane potential change in response to hypercapnia in the presence of 0.5 M TTX. CO 2 concentration was changed from 2% to 8%. Square current pulse (500 ms, 0.1 Hz, 20 pA) was applied to monitor change of input resistance. Negative deflections of the baseline membrane potential are proportional to input resistance. Note that application of 8% CO 2 induced membrane depolarization and increase of input resistance. C, Camera lucida drawing of the neuron. D, Phox2b immunoreactivity of this neuron. The neuron labeled with Lucifer yellow (green) in the electrode solution showed Phox2b immunoreactivity (red). FN, facial nucleus.
M⍀, p Ͻ 0.05). C1 adrenergic neurons reside around the caudal end of the facial nucleus and some of them are Phox2b positive (Kang et al., 2007; Takakura et al., 2008) . Therefore, some Pre-I neurons (4 Phox2b positive and 2 Phox2b negative) were further examined for TH immunoreactivity, and they were TH negative, i.e., not C1 adrenergic neurons (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material).
Phox2b immunoreactivity and CO 2 sensitivity of tonic firing neurons
In the parafacial region, tonic firing neurons are also frequently encountered. We recorded 18 tonic firing neurons of which membrane potential was Ϫ41.5 Ϯ 3.8 mV and input resistance was 698 Ϯ 162 M⍀ in the standard solution (5% CO 2 ). Firing of these tonic neurons was modulated with respiratory activity; typically with tendency of higher firing frequency during preinspiratory phase (Fig. 3) . Twelve of 18 tonic neurons were Phox2b-ir (Fig. 3D) and, except for two, depolarized with hypercapnia. The average membrane potential change was ϩ8.5 Ϯ 8.3 mV ( p Ͻ 0.01) compared with resting membrane potentials (Ϫ44.6 Ϯ 3.0 mV) in 2% CO 2 , accompanied with an increase in input resistance (482 Ϯ 114 M⍀ in 2% CO 2 vs 689 Ϯ 262 M⍀ in 8% CO 2 , p Ͻ 0.05). Six tonic neurons were Phox2b negative and did not show significant depolarization to hypercapnia. Their averaged resting membrane potentials and input resistances were Ϫ43.5 Ϯ 1.8 mV and 580 Ϯ 344 M⍀ in 2% CO 2 . Figure 4 shows plots of recorded neurons (Pre-I and tonic) in the parafacial region. Most Pre-I and many tonic neurons in the ventral medulla superficial region that overlaps the region of the Phox2b-expressing cell cluster (Fig. 1 A) were Phox2b positive, whereas some tonic neurons (23%) were Phox2b negative. It is notable that we did not find Phox2b-negative Pre-I neuron in the ventral superficial region in the rostral medulla. In contrast, Phox2b-negative Pre-I neurons were localized more dorsally to Phox2b-ir neurons. Many of Phox2b-expressing superficial cells have dendrites extending predominantly in the mediolateral direction close to the ventral surface (Fig. 2C) .
Distribution of recorded neurons
Discussion
Characteristics of parafacial neurons in the ventral medulla
We found that the Pre-I neurons in the parafacial region of the rostral medulla were Phox2b-ir and postsynaptically sensitive to CO 2 concentration changes in an action potential-independent manner. Especially, all of the Pre-I neurons in the ventral superficial region of the rostral medulla were Phox2b-ir neurons. In contrast, Phox2b-negative Pre-I neurons that were CO 2 insensitive were localized dorsally to Phox2b-ir cell cluster at the level of the caudal end of the facial nucleus. The existence of such heterogeneous subpopulations with regard to CO 2 responsiveness has been reported in a previous study (Kawai et al., 2006) where 36% of the Pre-I neurons that were recorded in the caudal part of the pFRG fully retained the depolarizing response to hypercapnia in the presence of TTX. Consequently, they might be Phox2b-ir cells. A recent study (Fortuna et al., 2008) reported that a population of rostral ventral respiratory neurons (i.e., glycinergic expiratory augmenting neurons) develops a preinspiratory discharge during hypercapnic hypoxia in adult rat in vivo preparations. Despite differences between experimental conditions, these results also support existence of heterogeneous subpopulations of Pre-I neurons in the rostral medulla around the caudal end of the facial nucleus. They may be glycinergic, GABAergic, or adrenergic, and detailed characterization remains to be done. We showed that Pre-I neurons recorded in the caudal part of pFRG were not adrenergic regardless of whether they were Phox2 positive or negative.
In the parafacial region, Phox2b-ir tonic neurons were also found and they were CO 2 sensitive. Their firing pattern showed respiratory modulation, typically with higher firing frequency during preinspiratory phase, and was thus reminiscent of the firing pattern of Pre-I neurons. This firing pattern of tonic neurons is similar to that observed in the RTN of the adult rat in vivo (Guyenet et al., 2005; Stornetta et al., 2006) . In the latter study, neurons with typical neonatal Pre-I firing patterns were not reported, probably due to differences in the experimental conditions and developmental stage. Indeed, neurons with firing patterns similar to neonatal Pre-I neurons have been reported in the parafacial region of adult cat preparations (Connelly et al., 1990) . Recent findings in the adult rat and neonatal mouse suggest that the Phox2b-ir cluster in the rostral ventrolateral medulla is composed of glutamatergic neurons (Weston et al., 2003; Stornetta et al., 2006) and expresses NK1R (Dubreuil et al., 2008; Takakura et al., 2008) which is identical to the RTN . We showed that Phox2b-ir neurons in the parafacial region of the neonatal rat consist mainly of Pre-I neurons and tonic firing neurons, and that they express NK1R and are presumed to be glutamatergic, so that the pFRG closely overlaps the RTN.
Phox2b-ir neurons in the pFRG/RTN region have been reported to be intrinsically CO 2 sensitive (Mulkey et al., 2004; Guyenet et al., 2005; Stornetta et al., 2006; Mulkey et al., 2007) . We confirmed these previous findings in the present study. It is notable that our findings that hypercapnia depolarizes these neurons in the presence of TTX which blocks action-potentialdependent synaptic transmission were done using for Phox2b-ir neurons of which burst pattern was identified in the brainstemspinal cord preparation which preserved intact respiratory networks as opposed to slice preparation. The depolarization was accompanied with an increase in input resistance of parafacial neurons, consistent with an involvement of potassium channels in response to hypercapnia as suggested in previous studies (Kawai et al., 2006; Guyenet et al., 2008) . Our findings further support a strong link between CO 2 sensitivity and expression of the Phox2b protein. Dubreuil et al. (2008) developed an animal (mouse) model of CCHS. This mouse has heterozygous mutations of the PHOX2B transcription factor-expansions of polyalanine tracts that correspond to mutations most frequently observed in human CCHS patients. This mouse does not respond to an increase in CO 2 concentrations, has an irregular and slowed-down breathing pattern and dies soon after birth from central apnea. Moreover, the mutant mouse lacks in particular a population of glutamatergic (and NK1R positive) Phox2b-expressing neurons in the parafacial region. Therefore, the pFRG/Pre-I neurons as well as tonic neurons are probably missing in this mutant mouse. Thus, our findings suggest that respiratory disorder in this mutant mouse is due to direct effect of the lack of parafacial neurons on respiratory rhythm generation and problems in central chemoreception, although the present results indicate that it is difficult to separate both factors of the rhythm generation and chemoreception.
Functional considerations of parafacial neurons
The pFRG/Pre-I neurons are hypothesized to trigger onset of bursting in the preBötzinger Complex (preBötC) that is an inspiratory center located in more caudal medulla (Smith et al., 1991; Mellen et al., 2003; Onimaru and Homma, 2003; Feldman and Del Negro, 2006) . Recent studies also suggest functional coupling between subgroups of Pre-I neurons and expiratory neuronal activity (Janczewski et al., 2002; Onimaru et al., 2006) . Our previous study in Atp1a2 knock-out mice shows that decreased functional connection between the pFRG and preBötC induced abnormal respiratory rhythm generation (Ikeda et al., 2004; Onimaru et al., 2007) . Findings from the present and abovementioned previous studies support that coupling between the pFRG and preBötC is important in the generation of regular respiratory rhythm (Mellen et al., 2003) and that the pFRG is necessary for postnatal survival because of its' involvement in primary rhythm generation and central chemoreception. These findings may provide an important key to understanding associated with the neuronal mechanisms of the onset of breathing after birth, as well as of respiratory disorders in CCHS. 
